Summary: Pilots of high-performance aircraft are subject to repeated transient cerebral ischemia during high gravitational stress maneuvers. Previously we have dem onstrated that repeated episodes of transient cerebral ischemia and reflow are cumulative and lactate accumu lations appear to be exponential. To evaluate the meta bolic events determining the kinetics of lactate accumu lation, and therefore the rates of substrate utilization, we have used in vivo IH nuclear magnetic resonance with a 5-s time resolution to measure lactate production and clearance. The individual rates for each animal were then used to predict the accumulation of lactate in the same animal during 30 episodes of ischemia and retlow. Lactate Pilots of high-performance aircraft are subject to transient loss of consciousness due to gravitational stress-induced blackout. This loss of consciousness is due to cerebral ischemia, resulting from a failure of blood delivery to the brain due to the severe gravitational stress. To investigate the metabolic events associated with this form of ischemia, we have developed a rat model of brief repeated cere bral ischemia. Previously at a relatively low time resolution (1 min), we demonstrated that lactate production during 30 consecutive periods of reflow and ischemia follows an approximately exponential increase to a plateau level (Conger et aI., 1993 
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evaluate the determinants of lactate production that give rise to this accumulation profile, we have made rapid serial measurements of lactate (5-or 10-s time resolution) by in vivo I H nuclear magnetic reso nance (NMR) spectroscopy. We have used these measurements (a) to quantitate the ischemic pro duction and clearance rates and (b) to model lactate accumulation during 30 sequential periods of isch emia and reflow using these measured rates.
METHODS

Animal model
Seven male Sprague-Dawley rats (200-240 g) were anesthetized with 70% N20, 29% O2, and 1% halothane, paralyzed with tubocurarine chloride, and mechanically ventilated. The external carotid and subclavian arteries were ligated. The right carotid artery was bidirectionally cannulated to monitor the carotid stump pressure (CSP; reflecting the cerebral perfusion pressure at the circle of Willis) and to measure the systemic pressure (Conger et aI., 1993) . Rectal and mouth temperatures were moni tored throughout the experiment and maintained at 37°C by use of feedback-regulated (mouth temperature) heat-ing of a chamber surrounding the animal. Ischemia was induced by an inflatable occlusive cuff placed about the left common carotid artery. Inflation and deflation of the cuff were controlled by a hydraulic system linked to an IBM AT computer. Two ischemic protocols were used in each animal. A brief (60-s) sustained occlusion followed by 15 min of reflow was used to measure the rate of lactate production during ischemia. The repetitive isch emia protocol consisted of 30 consecutive 30-s (nominal duration) ischemia and 30-s reflow periods, followed by 30 min of continuous reflow. The I-min occlusion proto col was carried out before and after (in three animals) the repetitive ischemic protocol. Hematocrit, Pa02, PaC02, pH, and blood glucose levels were determined immedi ately prior to the first ischemic protocol.
Biochemical methods
Following the postmortem determination of longitudi nal (Tl) and transverse (T2) relaxation time (see NMR Methods, below) the 2-3 mm of cerebral cortical tissue located directly under the coil was removed from the brain and frozen. Preparation of perchloric acid extracts and subsequent analysis of these extracts for lactate and creatine concentrations were by standard spectrophoto metric methods (Lowry and Passonneau, 1972) .
Electrode implants and measurement of cerebral blood flow (CBF)
In a separate series of experiments electrode arrays (four electrodes per array) were made from 90% platinum/ 10% iridium wire and had a 1-mm exposed tip. They were implanted in eight Sprague-Dawley rats anesthetized with halothane (2.5% for induction, 1.5% during surgery) in a small craniectomy 1 mm from the sagittal suture and 1 mm caudal to the bregma. The electrode array was placed with the electrode tips 1.5 mm deep into the cortex of the right hemisphere, and a silver/silver chloride refer ence electrode was implanted through a burr hole in the left hemisphere. Dental acrylic anchored the electrodes. Regional CBF was measured intermittently by hydrogen clearance at predetermined carotid stump pressures using reported methods (Boehme et aI., 1988) . Initiation and timing of hydrogen inhalation and washout, datum stor age, and on-line flow analysis of CBF were performed by an IBM-AT computer using standard methods (Aukland et aI., 1964; Haining et aI., 1968; Boehme et aI., 1988) .
NMR methods
NMR data were collected using a 4.7-T, 40-cm bore Bruker Biospec system using a single tuned 8 x 12-mm elliptical IH surface coil placed directly on the skull. To minimize the acquired lipid signal, the scalp was removed and the temporal muscles were retracted (Behar et aI., 1983) . NMR spectra were acquired using a 136-ms spin echo sequence and B 1 compensated semiselective pulses (Hetherington, 1988; Balschi et aI., 1992) . During the 60-s sustained ischemic periods, spectra were acquired with a 5-s time resolution using a repetition time (TR) of 1,250 ms and acquiring four averages per datum block. During the repetitive ischemia protocol and the first 10 min of continuous reflow, spectra were acquired with a IO-s time resolution (TR, 1,250 ms; eight averages). During the final 20 min of reflow, spectra were acquired every 30 s (TR, 1,250 ms; 24 scans). Data were processed using a convo lution difference to remove broad water components and filtered using a Lorentzian-to-Gaussian transformation J Cereb Blood Flow Metab, Vol. 14, No.4, 1994 prior to Fourier transformation. Resonance areas, were determined by peak integration using NMRI (New Meth ods Research Inc., Syracuse, NY, U.S.A.). Resonance areas were converted to millimolar values using a 11 mM value for cerebral creatine + phosphocreatine, deter mined in a parallel set of experiments, and correcting for the excitation profile of the pulses and differential Tl and T2 losses. Tl and T2 values for creatine and lactate (post mortem) were determined using incremented spin-echo and inversion-recovery spin-echo sequences.
Modeling
Lactate accumulation during the repetitive ischemia period was modeled as the balance between lactate pro duction at a constant rate (d[lactate]ldt = kp) and a first order clearance process
The value of kp for each animal was determined from a I-min continuous occlusion before the repetitive ischemia protocol. The value of kc was determined from the reflow period following 30 cycles of the repetitive ischemia pro tocol. The exact duration of the ischemic period in each animal was determined from the carotid pressure record ings. Due to the small residual flow experienced during the ischemic period (12 ml 100 g -I /min -I at a carotid pressure of 10 mm Hg), lactate clearance (including wash out and metabolism) was assumed to occur continuously throughout the ischemic and reflow intervals (see Re sults). The calculated values for kp and kc along with the ischemia duration for each animal were then used to pre dict the time course of lactate accumulation during the repetitive ischemia protocol.
RESULTS
Quantitation of IH metabolite resonances
To convert the measured resonance areas to mil limolar values, the Tl and T2 of creatine were mea sured in a separate set of four animals. Due to the uncertainties in spectral overlap from threonine, alanine, and lipids at the lactate resonance position, the lactate Tl and T2 were determined after sacri fice, when the lactate component dominates the res onance area. The T2 was measured using the same sequence and incrementing the total echo time from 68 to 374 ms at intervals of 34 ms (10 values). The Tl was determined using an initial inversion recov ery sequence prior to the spin-echo sequence. The inversion delays used were, 10, 100, 300, 500, 700, 900, 1,200, 1,500, 2,000, and 5,000 ms. The correc tion factor for the excitation and refocusing profile was calculated using product operators (Balschi et aI., 1992) . The T1 and T2 values were measured to be 1,217 ± 187 and 189 ± 19 ms, for creatine + phosphocreatine and 1,235 ± 24 and 188 ± 24 ms for lactate. To evaluate the accuracy of these cor rection factors, perchloric acid extracts were made of the cortical regions of these four animals. The cortical creatine content was found to be 11.0 ± 0,4 mM. Using the correction factors determined from the relaxation measurements, and a 11.0 mM value
Time ( for creatine, the NMR-determined value for lactate was 23.5 ± 3.8 mM, in good agreement with the biochemically determined value of 24.1 ± 1.7 mM. The lactate resonance areas in the subsequent isch emia experiments were converted to millimolar val ues using these corrections and a creatine reso nance area of 11.0 mM.
Lactate clearance
The effective rate of lactate clearance, including contributions from conversion to pyruvate and sub sequent metabolism (Kuhr et aI., 1988) , transport of lactate across neurons (Assaf et aI., 1990) , and transport across the blood-brain barrier, was deter mined in each animal using the equation
where [lactate] o is the lactate present at the begin ning of the 30-min reflow period, t is the time in minutes, and ke is in units of lImin. The lactate level is reported as a difference from the control period to minimize the effect of resonance overlap with other metabolites and lipids. Figure 1 is an example of the lactate clearance along with the fitted exponential. The measured clearance rates are reported in Table  1 along with the means (0.141 min-I) and standard deviations (±0.032 min-I) for all seven animals.
Lactate production
The lactate production rate was determined from a I-min continuous occlusion in each animal prior to the repetitive ischemia protocol. Typical 5-s lactate spectra are displayed in Fig. 2a . To minimize the effect of lipid signals and contributions from alanine and threonine to the lactate resonance, the differ ence in the lactate resonance area from that mea sured in the control spectra prior to the I-min oc clusion was used to calculate the production rate. The lactate difference data were fit using a linear
Time(min) where kp is the production rate (mM/min). The value of kc used was determined as described pre viously. Elimination of the correction term for lac tate clearance resulted in a 4.7 ± 1.7% reduction in the production rates kp. A typical datum set is dis played in Fig. 2b . Calculated values for kp for all seven animals are listed in Table 1 . The mean value reported here, including the clearance term (4.63 mM min � 1) is somewhat lower than that reported by Nilsson et al. (1975) ,7.0 /-Lmol g�1 min�l, pos sibly reflecting the anesthesia state or the small re sidual blood flow. In three animals rate measure ments were made before and after the repetitive ischemic intervals, with the pre-to-post ratio of the calculated ratio of kp being 0.99 ± 0.17.
Determination of ischemic duration
Due to the finite time for inflation and deflation of the occlusive cuff, the actual ischemic periods were found to be shorter than 30 s and to vary slightly from animal to animal. Additionally, substantial lac tate generation or anaerobic glycolysis will occur only after brain oxygen stores have been depleted. Lowry et al. (1964) have reported that lactate gen eration begins after a 3-s time delay in animals sub jected to complete global ischemia. To account for the time delay in inflating the occluder and the sub sequent time required to consume brain oxygen stores, the duration of the ischemic period was de fined as the time during which the carotid pressure was within 1 mm Hg of the ischemic minimum value (Fig. 3) less 3 s. This correction shortened the mean ischemic duration (tisch) to 21.1 ± 1.0 s and the in dividual times for each animal are reported in Ta ble 1.
Duration of lactate clearance
To evaluate the effective duration of the lactate clearance period during the repetitive ischemia pro- tocol, CBF using the H2 clearance method (Aukl.and et al., 1964; Haining et a1., 1968; Boehme et a1., 1988) was determined in eight animals subjected to the identical surgical preparation. The residual blood flow was found to be 12 ml 100 g � 1 min � 1 at a carotid pressure of 10 mm Hg (Fig. 4) . This resid ual flow is insufficient to support complete aerobic metabolism, however, it was assumed to be suffi cient to support the clearance of lactate, through metabolism and washout. Therefore, lactate clear ance was modeled as occurring throughout the re flow and ischemic periods.
Lactate accumulation during repetitive ischemia
The time course of lactate accumulation during the 30 consecutive ischemia/reflow periods was modeled using the rate constant, kp and kc' and the ischemic duration calculated from the carotid pres sure measurements. The incremental change in lac tate during each second of the ischemic (tisch) reflow period and during the subsequent recovery period was calculated using the lactate generation rate (kp) and clearance rates kc
To evaluate the accuracy of the calculated time courses, the observed data at the conclusion of the reflow period, calculated data, and calculated data assuming ± 15% errors in the production rate con stants (Table 1) are displayed for all seven animals in Fig. 5 . All animals showed excellent agreement, with nearly all measured values during the repeti tive ischemic period lying within the 15% error bounds. Additionally, six of the seven animals showed excellent agreement during the recovery period, indicating that the lactate level during the final ischemic episode calculated was in good agree ment with the observed value. Only animal 2 showed a poor correlation during the recovery pe riod, due to a nonexponential clearance during the latter portion of the recovery period. Assuming er ror bounds of 15% in the clearance rate provides similar limits, and they are not shown for the sake of clarity.
The high sensitivity of the shape and absolute level of lactate accumulation to the clearance rate, production rate, and ischemic duration and the agreement of the model and observed data suggest Time (s)
50 60 that both the model used and the rates measured are highly accurate (within 15%). Elimination of the clearance term during the ischemic interval and it eration of the model every second resulted in a sub stantially higher predicted lactate level, 141 ± 14% greater than the final lactate level during the last ischemic episode. When clearance is assumed to occur during the ischemic intervals, the calculated lactate levels and those observed during the final ischemic period were in exact agreement, 100 ± 10%.
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:::: :: :: The data were obtained from eight rats implanted with cor tical H2 electrodes. The eBF was determined by H2 clearance within 5 to 10 min after reduction of the esp to the specified level. The esp was maintained at that level by servocon trolled compression of the left carotid artery with a balloon occluder.
Correlation with blood glucose
Initial blood glucose levels were correlated with the final levels of lactate reached at the conclusion of the ischemic period and are listed in Table 2 . The calculated correlation coefficient was -0.26, indi cating a poor correlation between initial glucose levels and final lactate levels.
DISCUSSION
In this report we have demonstrated that the ac cumulation of lactate during a brief repetitive isch emia protocol can be accurately modeled « 15% error) using rate constants determined on an indi vidual animal basis. Thus the simple model of lac tate production at a constant rate during each isch emic period, and clearance throughout the reflow and ischemic period, provides an excellent model for predicting the amount of lactate accumulated during the protocol. The observed lactate produc tion during each ischemic period appears to occur at the same rate as during a continuous I-min ischemic episode and these rates are lower than the maxi mum glycolytic rates observed by Lowry et al. (1964) in a model of complete global ischemia. This, combined with the poor correlation between the ini tial glucose levels and the final levels of lactate reached, suggests that lactate production in this re petitive ischemia model is not limited by glucose or other substrate availability. This suggests that glu cose replenishment during the reflow period is suf ficient to support the elevated level of anaerobic activity during the next ischemic interval. This is in contrast to total continuous global ischemia models, where the amount of lactate produced is dependent on the brain glucose and glycogen stores immedi ately prior to the induction of ischemia. Although the model proposed is quite simple, ob viously ignores lactate production during the reflow period, and lumps the variety of mechanisms that can contribute to lactate clearance, metabolism via conversion to pyruvate for subsequent oxidation, and transport across the blood-brain barrier find neurons into a single exponential rate constant, the excellent agreement between the calculated and the observed lactate accumulation data validates the predictive power of the model. Therefore this pro tocol has the potential of providing a highly repro ducible state of lactate elevation, which should al low more detailed studies of the mechanisms by which lactate elevations (acidosis, osmotic alter ations) contribute to ischemic damage. Addition ally, since the lactate elevation occurs over a fairly long time period, tens of minutes, time-course cor relations with measurements of ATP, phosphocre atine, and inorganic phosphate (less NMR-sensitive compounds requiring longer acquisition times for an adequate signal-to-noise ratio) are also possible.
